Molecular modelling and computational approaches were used to design (virtual) molecularly imprinted binding sited for 170 amino acids, dipeptides and tripeptides. Analysis of the binding energy of ligands to their corresponding virtual binding sites revealed a direct correlation between size of the ligand and its binding affinity. Only tripeptides were capable of forming binding sites in molecularly imprinted polymers (MIPs) that are capable, in theory, of binding the corresponding targets at micromolar concentrations. No appreciable specificity was demonstrated in binding of virtual binding sites and corresponding templates. It is possible to conclude that although tripeptide sequences are sufficiently long to form MIPs with relatively high affinity, the sequence of peptide epitopes should be substantially longer that three amino acid residues to ensure specificity of imprinted sites. This consideration will be useful for the design of highly efficient MIPs for proteins.
Introduction
The selective and specific recognition of polypeptide and protein targets is a fundamental challenge in bio-organic chemistry. Materials with selective protein binding properties, such as molecularly imprinted polymers (MIPs), have a host of applications, including diagnostic assays and sensors, process control, proteomics, downstream processing, cell labeling, bio-security and medicine. The specific binding properties of MIPs arise due to the formation of a cross-linked network in the presence of a molecular template, thereby creating a binding domain within the polymer that is complementary to the target, both in terms of a shape and chemical functionality. This chemical complementarity comes from the inclusion of functional monomers within the polymerization mixture that have favorable binding interactions with the template during the process of polymer formation. The binding sites (molecular imprints) must be cleared of template by extraction before the polymers can be used for selective recognition of their respective targets. The imprinting of small molecules is aided by their ability to diffuse through a porous crosslinked monolith. Macromolecules, such as proteins would not be expected to diffuse out, or back into such a material. In the case of large templates therefore, locating the recognition sites on the surface of the MIP is necessary to allow rebinding to occur. A number of surface imprinting regimes have been designed to allow macromolecule-imprinted materials to be prepared, including micro-contact printing and bottom-up approaches. An alternative to imprinting whole protein molecules is the use of a characteristic peptide as template (the epitope approach). The use of terminal sequences of target proteins as a surrogate template for the whole macromolecule was first proposed by Rachkov and Minoura in 2000. [1] They demonstrated that materials capable of binding the nonapeptide oxytocin, under aqueous conditions, could be prepared by imprinting a tetrapeptide with the same three amino acid residues in the N-terminus (Pro-Leu-Gly-NH 2 ). The epitope approach was soon adapted by others to prepare materials capable of recognizing larger proteins, such as cytochrome c and even viruses. The concept of an 'epitope' has been borrowed from immunochemistry. In that context, it is the region of an antigen that is recognized by the variable domain of an antibody and could span adjacent residues on the antigen surface that are non-adjacent in the primary sequence. In imprinting terms however we normally mean an epitope to be a peptide with a single sequence (taken from the primary sequence of the target) that, when used as a template, generates a selective imprint for the said target. While many examples are terminal sequences, for some targets the protein termini may be inaccessible and a loop or other surface displayed region may be selected. A further advantage of using the epitope approach is that it is not necessary to isolate the target protein to use as template, provided that some structural information is known.
While the epitope approach is a very powerful and eminently practical method for preparing imprinted materials capable of binding proteins (including membrane-bound proteins) and viruses, the rules concerning epitope selection are still somewhat unclear. In a preliminary study to investigate the effect of sequence and peptide length on the affinity and specificity of imprints, we have set out to model in silico a subset of peptides and to assess the cross-reactivity of the imprints for all members of the ensemble.
Results and discussion

Selection of amino acid, di-and tripeptides target templates
The total number of possible peptides made from the 20 natural amino acids is immense, and so therefore is the total number of MIPs which can be made for these targets. For practical reasons we have therefore decided to restrict the set of amino acids used in this research to only five amino acids (G, S, L, E and K). The rationale behind this selection originates from how frequently these amino acids appear in 35,576 known epitopes ( Figure 1 ).
[2] The assumption we have made to justify this choice is that the factors that make a particular amino acid sequence a good epitope for antibody binding should also apply to the production of high quality binding sites in imprinted polymers. [3] Considering all possible di-and tripeptides that can be made from these amino acids, there are 155 discrete structures to consider as templates (5 amino acids, 25 dipeptides and 125 tripeptides). At this stage we did not proceed with design of MIPs for larger peptides for the reason that it will require too much computational time and power to make it practical.
Binding site models for each of the 155 templates were designed by following the protocol outlined in the experimental section. This protocol is a variation of the method for the design of MIPs, developed in our group and validated by a number of research groups worldwide. [4] [5] [6] [7] Once all the MIP receptors were modelled, they were probed using the program Surflex-Dock. This uses an empirical scoring function to dock ligands into receptor binding site. Docking is guided by the protomol, an idealized representation of the ligand cavity within the binding site. For example, Figure 2 shows the shape of the protomol for the Glu-Leu-Leu template.
As well as the initial set of ligands, comprising 5 amino acids, 25 dipeptides and 125 tripeptides, the remaining 15 amino acids were also added to the screening and docking database to give a final library of 170 ligands. For each ligand, the receptor and corresponding protomol were generated and used for docking of all 170 ligands. After the completion of a docking run, the binding score of each ligand was calculated. The final table of results contains 155 columns (one for each MIP receptor) and 170 rows (one for each ligand). This represents 26,350 empirical scores used in evaluation of molecular interactions between created models of binding sites and corresponding amino acids, diand tripeptides. It is important to discuss here the meaning of empirical binding scores. Overall they reflect, albeit indirectly, pK d values of corresponding ligands. The true pK d values of course cannot be deduced from the modelling data, but empirical binding scores can serve as a good indication of possible affinity of the templates. Thus, the empirical scores smaller than 4.0 (equivalent of K d 100 mM) are generally considered to be an indicators of weak affinity. [8] Only ligand-receptor pairs with empirical binding score >6.0 (mean pK d ) can potentially be considered as having high affinity. [9] As expected, Figure 1 . Instances of the appearance of each of the 20 natural amino acids in 35,576 known epitopes (The selected amino acids were S, K, E, L and G) [2] .
all the ligands studied have some binding to each model of MIP binding site, as can be seen from examples of histograms presented in Figure 3 .
As can be seen from these examples not every peptide template can produce high quality imprinted binding sites. Thus, tripeptide Lys-Leu-Gly produces receptor capable of binding to all template targets with very low binding energy represented by binding score below 3.0. Glu-Glu-Leu however can produce receptors with high affinity to a number of targets with binding score 5.0-6.0.
An interesting observation was noted regarding the effect of the templates' size on its binding strength ( Table 1 ), in that it is possible to conclude that only tripeptides are capable of forming high quality binding sites with micromolar affinities for imprinted polymers. This is largely supported by experimental observations. [10] [11] [12] Tripeptide templates create binding sites with relatively low specificity ( Table 2) . It is not obvious why any particular template does not always create unique binding site specific for the same molecule. Thus Glu-Glu-Gly as template creates binding site that binds stronger to Leu-Leu-Leu and Lys-Ser-Glu than to Glu-Glu-Gly. Looking closely however at the structure of the binding site composed of monomers such as the charged form of diethylaminoethyl methacrylate (DEAEM) and itaconic acid (Figure 4 ) it is clear that these monomers will have stronger non-specific bonds with Leu and Lys. From analysis of these data we can conclude that the overall contribution of non-specific binding in the case of MIPs formed by tripeptides is too high to assure specificity of binding sites. Looking at the Venn diagram ( Figure 5 ) it is possible to see for example that at least 94 targets can bind to binding sites created by three templates: Glu-Glu-Gly, Glu-Gly-Ser and Glu-Leu-Glu. Only two targets bind specifically to Glu-Glu-Gly, one to Glu-Gly-Ser and one to Glu-Leu-Glu.
Low specificity of binding sites is an important issue which may hinder development of MIPs specific for di-and tripeptides. This is not too dissimilar to antibodies, which are difficult to raise against short peptides. [13] With very few exceptions however the recognition of short peptides by MIPs has very little practical value. More interesting and important is the recognition of peptide epitopes that constitute part of whole proteins by MIPs. Materials capable of doing this can find applications in bioanalytical chemistry, proteomics research, biotechnology and medicine. [14] [15] [16] For biotechnological applications it might be useful to identify suitable peptide tags that can be included in engineered proteins for their recognition by MIP adsorbents. These tags can compete with His and FLAG tags that have limitations such as relatively low affinity and high polarity. [17, 18] We believe that our work will provide insight and guidance for selecting appropriate peptide sequences for creating efficient MIPs for peptides and proteins. 
Conclusions
Virtual molecularly imprinted binding sited were formed for 170 amino acids, dipeptides and tripeptides. The binding analysis has proven that only tripeptides were capable of forming high affinity binding sites in MIPs (with pK d > 6.0). No appreciable specificity was demonstrated in binding of virtual binding sites and corresponding templates. Only tripeptide templates were capable of forming binding sites with unique specificity for corresponding targets. It is possible to conclude that although tripeptide sequences are sufficiently long to form MIPs with relatively high affinity, the sequence of peptide epitope should be substantially longer to ensure specificity of imprinted sites. This consideration will be useful for the design of highly efficient MIPs for proteins.
Materials and methods
All modelling was performed using the Sybyl 7.3 software package (Certara Inc.) on an HP EliteDesk G1 Tower PC running CentOS Linux 7. The protocol for the rational design of MIPs has been previously described to select monomers for a given template, creating a database for screening the template using the LEAPFROG TM algorithm. Table 2 .
Minimization of ligands
Using the Biopolymer Build Biopolymer function a set of 155 ligands were drawn in their charged state and minimized as previously described. [4] [5] [6] [7] The 155 ligand set comprised of the initial set of five amino acid ligands G, S, L, E and K and all the combinations of diand tripeptides using these five amino acids resulting in 25 dipeptides and 125 tripeptides (155 in total) in their charged forms.
Creation of MIP receptor
The 155 ligands were used as templates to create 155 binding site models (one for each template) following the computational protocol that is a variation of the method for the design of MIPs, developed in our group by taking a library of 25 commonly used functional monomers and screening them against the template. In this case a library of 12 monomers were used for screening against the 155 templates a shown in Table 3 .
The protocol was to a build a receptor for each template using repeated LEAPFROG runs was carried out stepwise. Each of the monomers in the library was then probed for its possible interaction with the template using the LEAPFROG TM algorithm that was used to screen the library of functional monomers for their possible interactions with the template. The program was applied for 20,000 iterations. The results from this were examined and the empirical binding score evaluated. The monomer (monomer one) giving the highest binding score represented the best binding monomer that forms the strongest complex with the template from the first screen.
The monomer:template complex from the first screen was then used as a template and screening using LEAPFROG was repeated. Prior to the second screen, monomer one and template were merged together in the same orientation and conformation found in the complex (using freeze view all function) and monomer one was given zero charge so that in the second screen the monomer library will only complex with the template and not the first monomer to find monomer two. This was repeated until the template was saturated with monomers, and stopped when the monomer screen resulted in interaction with monomers and not the template. At this point the MIP receptor has been created for the template and this was carried out on all 155 ligand templates resulting in 155 MIP receptors ensuring the charges for each receptor were added at the end and saved.
Creation of protomol for docking
The 155 MIP receptors generated were prepared for docking experiments against a database of ligands by creating a protomol for each MIP receptor to be screened or docked 
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